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Section 1
INTRODUCT ION

For the past eight years under sponsorship of the Naval Air Systems
Command (NASC), Calspan Corporation in cooperation with the Naval Postgraduate
School (NPS), the Naval Research lLaboratory (NRL), and the Naval Avionics
Center (NAC) has been conducting an investigation of the evolutionary processes
and physical properties of marine fog and marine boundarv-layer acrosols.
During the first four years, attention was focused on determination of the

formation mechanisms and physical and chemical characteristics of marine fogs

occurring off the coasts of California and Nova Scotia. For the pas: three
years, the scope of Calspan’s effort was expanded to include invest gation of
evolutionary processes which control compositional and physical characteristics
of marine boundary layer aerosols. Results of these efforts are summarized in

References 1-16.

This year, under Contract No. N0O0019-80-C-0248 from NASC, Calspan
continued its contribution to the Navy's Marine Fog Investigation with a
program involving two separate tasks and rencewed emphasis on marine fog. Task 1
involved investigation of potential tfog forecasting concepts by cxamining and
interpreting, in terms of larger scale meteorological processes, micro- and
meso-scale marine fog data acquired by Calspan on previous West Coast field
studies. As Task 2, Calspan conducted a descriptive investigation of the
characteristics of marine fog occurring in the northern Gulf of Mexico through
analysis and interpretation of fog data previously acquired by Calspan during

the Panama City Tl experiment.

The objective of the Task 1 effort was to review, analyze and otherwise
interpret svnoptic scale data for West Coast fop episodes in which Calspan pre-
viously acquired micro- and mesoscale information (see Appendix A). Earlier
analyses of these micro- and mesoscale data resulted in descriptive,
phenomenological models of a number of previously unidentified marine fog types
and the eclucidation of the importance of such tactors as mesoscale convergence

patterns, warm water patches, the height and strength of the marine inversion




and radiation in the development of marine fog. Under Task 1, we

attempted to link this new knowledge of mesoscale fog characteristics to
synoptic scale variables available to the operational forecaster. Detailed
discussion of the results of this effort is provided in Section 3 and summarized

in Section 2. An experimental ''decision tree'" for use in the forecasting of
marine fog is also provided in Section 2.

Under a previous NASC contract (No. N00019-79-C-0186), Calspan in
collaboration with NAC, the Naval Coastal Systems Center (NCSC) and the
Coastal Studies Institute participated in a study aboard NCSC's offshore
platform, Stage I, located 20 km southwaest of Panama City, Florida. The
field effort, dubbed Panama City 11, was conducted during a four-week period
in November-December 1978 to obtain data describing marine fog and marine
boundary layer characteristics in the northern Gulf of Mexico. Aerosol and
meteorological data obtained during the Panama City II experiment were reduced
and provided in a '"data volume" (Ref. 13) under Contract N00163-79-C-0049 from
NAC. Aerosol data were partially analyzed under ONR lontract No. N00014-79-C-
0033 and summarized in a formal paper (Ref. 16) and a contractor report (Ref.
17). However, fog data could not be analyzed within the scope of the previous
contracts. As Task 2 under the current contract, data from the fog episodes
of the Panama City II experiment were analyzed and interpreted to provide
descriptions of fog characteristics and of the circumstances of fog occurrence

in coastal Gulf waters. Results of these analyscs are presented in Section 4.




Section 2
SUMMARY OF THE METEOROLOGY OF MARINE FOG
OCCURRENCE ALONG THE CALIFORNTA COAST

Fog along the California coast occurs in the surface marine layer,
and, given a variety of trigger mechanisms, its occurrence is primarily depen-
dent on the height, fluctuations and strength of the inversion which caps the
marine laver. Study of svnoptic scquences and associated fog episodes has shown
that fluctuations in the height of the marine inversion over periods of davs are
generally caused by evolution and movement of both large and small scale
synoptic disturbances. Tt is the vertical motion in these disturbances which

controls the height of the inversion. Superimposed on these vertical motions

are downslope motions along the coast and the influences of convergence-induced
vertical motions such as have been documented in the vicinity of prominent

points along the coast and over warm water patches.

Climatologicaliy, the summer surface pattern along the California
coast shows a northwesterly flow produced between the subtropical high over
the ocecan and the thermal low over the land. Freguently, within the north-
westerly flow, a stratus dech exists which is topped by an inversion separating
the cool marine laver from the warmer air aloft. When the inversion base
lowers to helow 400 m, fog forms at night by a lowering of the stratus base
as net long wave radiation from the cloud deck cools the marine laver. When
the inversion rises above 100 m, tog is unlikely bhecause the radiative heat
loss cannot supply sufficient cooling for the thicker laver. At times, the
inversion may be below the liftiing condensation level, preventing formation of
stratus lowering fog, but allowing radiation fog in coastal areas and radiative

cooling of low-level fog patches trigeered over sca surtface temperature gradients.

While we have not studied the phenomenon quantitatively, there
is evidence to suggest that the strength of the viarine inversion also plays a
role in the occurrence of marine fop., Radiosonde data indicate that transport
of heat and moisture across the inversion occurs to i greater extent with less
intense inversions and strong heating from below.,  Our case studies supgest that,
on some occasions, this phenomenon prevented the formation of stratus-lowering
fog by reducing the net etfect of radiational cooling on the marine laver; i.e.,

warm, dry air was mixed downward into the marine laver.




While fog occurs in the surface marine layer, the inversion's vertical
movements which govern fog occurrence are controlled by flow patterns in the
layer up to 1500 m. These flow patterns are manifestations of (1) slowly-moving
long-wave systems, (2) large-scale synoptic systems whose driving forces operate
at mid-atmospheric levels, and (3) small-scale synoptic systems concentrated in

the 500-1500 m layer.

When a long wave trough is located near the coast, southwesterly

flow and upward vertical motion occur ahead of the trough. The upward vertical

motion, both in the marine layer and the warm air aloft, raise the inversion to

heights of 1000 m and greater. After the trough moves out and the subtropical

high with its northwesterly flow becomes reestablished, the inversion lowers

in the downward motion accompanying the high pressure cell. This relationship

can be recognized in the early statistical work of Petterssen (1938) which

showed that with southwest winds the inversion was above 400 m and with north- '

west winds the inversion was below 400 m.

In addition to the slowly changing long wave flow pattern, both
large-scale and small-scale synoptic disturbances frequently raise and lower
the inversion height and, through these movements, control fog occurrence. As
an example of large-scale synoptic disturbances, the subtropical high frequently
builds onto the continent and produces northeasterly flow in the 500-1500 m layer.
With the mountain ranges along the west coast oriented approximately north to
south, this flow produces downslope motion which drives both the warm air and
the inversion downward to very low levels. Occasionally, the inversion and
warm air come to the surface as far westward as the coastline but not far out
to sea; this more frequently occurring summer condition is in contrast to the
Santa Ana conditions in Fall through Spring when the warm air may move out over
the ocean. Although during the summertime the marine layer is still present
at sea, an area extending some distance out from the coast is stratus-frec as
the inversion is forced below the 1lifting condensation level (LCL) of the

marine layer.




The response of the surface pressure pattern to the ridging aloft is
a weakening but not a disappearance of the thermal low. Consequently, in the
summer months the onshore flow weakens but does not reverse so that north-
westerly winds continue to exist in the marine layer near the coast. The
coastal region wind regime then is driven by the sea breeze circulation with
weak onshore flow during the day and offshore flow at night. In this flow
pattern, the marine air comes onshore during the day but without the prescnce
of stratus; stratus does not form as the sun sets, and no fog is produced by

stratus lowering. However, with a thin, moist laver near the ground surface

and very dry conditions aloft, the stage is set for strong radiative cooling
and the formation of coastal radiation fog. River valleys are particularly
favored sites for this fog tvpe and observations show that as the land brec:ze
sets in during the night, fog is advected out over coastal waters generally to

the extent of the land breeze.

Farther to sea when the marine inversion is below the LCL, local
surface-based inversions are sometimes established when open-ocean marinc
air passes over cold water patches emanating from coastal upwelling. Fog
patches can then be stimulated by subsequent passage of the cooled surface air
over warmer water. The instability created by the warm water stimulates mixing
to produce the initial condensation. Radiation from these shallow fog patches
establishes the local invecsion at fog top and further promotes local low-level
instabilities, thereby producing a well-mixed laver and enhancing exchange of
heat énd moisture between the air and sea. The combined results of these
phenomena are cooling (by radiation) of the lowest layer of air, a transfer of
this secondary inversion from the surface to a slightly elevated level, the
addition of moisture to the air mass, and near-adiabatic lapse conditions
beneath the local low-level inversion. These processes thereby accelerate
conditioning of the air mass, priming it for more persistent fog formation
farther downwind, so that a fog street develops. Gradually, radiation from
sequential fog patches raises the local inversion permanently off the surface.
Farther downwind, these processes raise the sccondary inversion to heights near
that of the primary inversion and, in concert with a cessation of the north-

easterly downslope winds, help to raise the marine inversion.

I DU




At +'._ same time, as the synoptic pattern evolves so that the north-
easterly winds and downward motions aloft cease, the inversion need only rise
several tens of meters to above the LCL and a stratus deck forms; the thermal
low becomes reestablished and the sea breeze circulation is only superposed
on the basic northwesterly flow. With the northwesterly flow persisting
during the night and with the marine layer being thin, long periods of
extremely low visibility in fog can occur. Similar conditions of low inver-
sion height (not to the surface) exist when weak northeasterly flow occurs
in the 500-1500 m layer. Long periods of low visibility in fog also occur

under these conditions.

In addition to the patterns of a long wave trough and a large-scale
synoptic ridge, there is a realm of small-scale synoptic systems which occur
in the 500-1500 m layer. Between occurrences of the large-scale regimes, the
500-1500 m layer is meteorologically active; highs and lows form and dissipate
in, as well as move through, the coastal region. These small-scale systems
can produce similar easterly flow, inversion height behavior and fog occurreprce
as the large-scale high pressure systems do, but over smaller arcas. Likewise,
small-scale lows can disrupt inversion behavior and fog occurrence patterns
established by an existing large-scale ridge. Because of the horizontal scale
of the smaller systems, fog occurrence and intensity vary more widely along

the coast than they do with the large-scale systems.,

Small-scale systems are not always accompanied by easterly flow along
the coast, and fog occurrence and intensity is then related to inversion height
movement caused by dynamic vertical motion alone. This downward motion is weak
and the inversion is less likely to go to lower levels, in particular to the
surface. Under these conditions, the inversion base is in the 100-400 m range

with fog of the stratus lowering type frequently occurring.

In summary, the key factors in the occurrence of marine fog, par-
ticularly along the west coast of the United States, include (1) the open-ocean
marine layer which is modified in its lowest layers by cold upwelling water
along the coast, (2) adjacent patches of warm and cold water in the upwelling

zone, (3) the movement and location of the semi-permanent subtropical high,

Afs:




and (4) the coastal mountain range. These elements combine to produce a

shallow marine layer, capped by a strong inversion whose height is cbntrolled

by a balance between dynamic vertical motions aloft in the layer up to 1500 m

and the thermodynamic processes within the surface marine layer. Superimposed

on this general situation are the influences of downslope motion, the land/sea
breeze cycle, low-level convergence patterns, the height of the lifting conden-
sation level and radiation from condensed liquid water and coastal land surfaces.
Further, dense fog seldom exceeds 400 m in total thickness; thercfore, fog will
not exist at a point which is more than 400 m below the base of the marine inver-

sion unless a secondary surface-based inversion is first established.

Forecasting the occurrence of marine fog along the West Coast, there-
fore, requires advance knowledge of and the ability to forecast the (1) i
height of the marine inversion, (2) surface-850 mb synoptic and sub-synoptic
systems (and by implication, the wind field in the layer up to 1500 m) and
their impact on the height and strength of the inversion, (3) the height of
the 1ifting condensation level relative to that of the inversion, (4) the "

potential for influence of downslope mation, the land/sea-breeze cycle and

convergence patterns on inversion height, and (5) the potential for long-wave
radiation from either condensed liquid water or coastal land surfaces. 1In

the operational forecasting of marine fog, the primary questions which must

be asked and answered are as follows:

1. Is the boundary-layer wind field such that the forecast

area is in the marine stratum?

2. Will the height of the inversion be above or below 400m
over the forecast area?

3. Will an inversion based near the threshold height be
intense enough to prevent mixing across the inversion?

4. Will the 1ifting condensation level be below the
inversion?

5. Will middle and high altitude clouds prevent radiative

cooling in the boundary layer?

6. Are there warm water patches upwind of the forecast area?




A routine designed to provide marine fog forecasts, utilizing currently
available meteorological observations and forecast material to provide answers
to the foregoing questions is summarized in the experimental "decision tree"
presented below. The proposed "decision tree," vet to be tested in the fore-
casting of marine fog, is based on the assemblage of knowledge, developed by
Navy-supported fiecld studies in the 1970's, of the physics and metcorology of
marine fog. No statistical base relating 850 mb patterns to fog occurrence and
visibility exists. In our analyses, we have made use of the 850 mb surface
because it is a routinely available chart; however, our study suggests
that the 900 mb surface may be of greater utility. Further study is required
(1) to develop the required statistical base, (2) to determine the ability to
adequately predict the required parameters, (3) to determine the utility of an
~v900 mb surface, and (4) to produce new information which will fill the gaps
in our knowledge of inversion behavior, heat and moisture flux across the inver-
sion, fog morphology, fog persistence, etc. The ultimate marinc fog forecast
scheme must incorporate these factors and utilize numerical techniques to '1

provide predictions of controlling parameters and processes.

The factors outlined above and incorporated in the marine-fog-forecast
decision tree probably apply generally to the west couasts of most continents.
The decision tree should be tested in forecast centers responsible for those
areas. With some exceptions and within the context of the inversion height
limitations suggested in the decision tree, the forecast concepts delineated

herein probably apply to fog in other marine environs and should be tested

—tam s maedcn wa

for these situations as well.
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Section 3
TECHNICAL DISCUSSION

This section presents the results of our investigation of the relation-
ship between atmospheric disturbances and inversion height fluctuations and the
relation of fog occurrence and morphology to inversion height along the California
coast. Our investigation consisted of detailed study of marine fog episodes
encountered by Calspan personnel while on field programs (from 1971-1978) under

previous contracts, primarily from the Navy but also from the Air Force and the

National Aeronautics and Space Administration. Fog episodes included hoth fog
encounters by the R/V Acania (listed in Appendix A} as well as fog reported by
land-based stations. Within the text of this section, specific case studies

are discussed to demonstrate these relationships.

For each fog episode, twice daily radiosondes were obtained for
San Diego, Vandenberg AFB, Oakland, and Medford. Hourly ohservations
for 33 land stations (including most 24-hour stations in Californial were also
obtained for each episode. Finally, 3-hourly surface maps and twice-daily upper
air charts at the standard levels were acquired on microfilm. These data were
supplemented by observations acquired by Calspan personnel onbhoard the Acania
and radiosondes taken at the Naval Postgraduate School in Monterey, CA, and
onboard the Acania. These cases were studied and reported on by Calspan in i1ts
previous reports and publications under Navy contract (Ref. 1-3, 9, 12, 1) uand
a report, cach, under Air Force (Ref. I18) and NASA (Ref. 19) Contract. The
general areas and dates of these field studies are sketched on the chart presented

in Figure 1.

Fach case study is presented as an example of fog morphology and inver
i sion height value related to a specific synoptic situation as depicted on the
850 mb chart. The 850 mb level is used because it is the standard level nearest
the layer (~500-1500 m) whose circulation governs the inversion height movements
which impact on the occurrence of fog. We did not have available the vertical
motion fields accompanying the individual synoptic disturbances, However,
vertical motion fields have been published for case studies of various kinds

of synoptic disturbances. Synoptic meteorology experience bascd on these ficlds
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and the vertical motion fields which are computed twice daily by numerical
forecast models were used to assign the direction and qualitative strength to

the vertical motions which are used in the following discussions.

Much mention will be made in the ensuing discussion of downslope
motion and its role in lowering the inversion. Along a large portion of the
California coast, the land rises to 500-1000 m within a few ten's of kilometers
of the coast. Except north of Los Angeles, these mountain ranges run NNW-SSE
so that winds from the northeasterly quadrant are downslope toward the coast
and produce downward motion. For each fog episode, the winds from surface to
1500 m were plotted from the radiosonde observations. 1In all cases in which
the inversion was between 100 m and sca level, northeasterly flow was present

at the levels which would produce downslope motion.

Synoptically, the combination of northcasterly flow and very low
inversion heights frequently accompanies high pressure systems at 850 mb. It
appears that the superposition of downslope motion on the dynamic downward
motion of the high pressure system produces total downward motion strong
enough to drive the inversion to very low levels and occasionally to the
surface. Analysis of wind soundings for all the fog episodes shows that with
a wind direction which can produce downslope motion, the inversion height
qualitatively behaves consistently with a superposition of the two types of

vertical motion.

The superposition is most strikingly demonstrated for small-scale
high pressure systems when the wind is downslope at VAN but not at OAK. Under
these conditions, the inversion height at VAN will be lower than at OAK.
Similar variations in inversion height related to downslope motion occur with
low pressure systems. In this case, the downslope motion may balance or even
overcome the dynamic upward motion, and lead to an inversion height below 400 m
and possibly fog in an otherwise general situation of high inversion Rahove

400 m) and no fog.
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3.1 Inversion Time Series for July 1972

San Diego

As an introduction to our detailed technical discussion, consider the
inversion height fluctuations for July 1972. Figure 2 shows the time series of
inversion height at San Diego using the 1200 GMT observations. Inversion
height exhibits a diurnal variation primarily due to the sea brecze circulation;
including this small amplitude variation by also presenting 00 GMT observations
would only mask the large amplitude, long wavelength variations in inversion
height which are related to synoptic disturbances. Note that the ground surface

for the San Diego radiosonde is at 125 m (msl).

The month began with a low pressure system located off the coast of
California (Figure 3a). With weak upward motion, the inversion was in the
500-700 m range. During the 3rd-5th, a small-scale high cell moved north-
northwestward along the coast to southwest of San Diego (Figure 3b). The down-
ward motion associated with this high cell lowered the inversion to 200 m
(4th-5th). During the next ten days, there was o slow cvolution to large-
scale cyclonic circulation and the inversion climbed to above the 600 m

level on the 16th (Figure 4c).

During the 18th-22nd, a long-wave trough was located off the West
Coast with cyclonic circulation in the low levels (Figure 4d). (Correspondingly,
with deep upward motion, the inversion rose to high levels, reaching 1200 m on
the 20th. The long-wave trough was recplaced by a short-wave trough on the
23rd-25th. With weak cyclonic flow at 850 mb (Figure 5a), the inversion dropped
down to near 400 m. The short-wave trough moved out and a series of small-scale
highs were present near San Diego from the 27th-30th (Figure 5b-5dY. The
dynamic downward motion augmented by downslope motion drove the inversior down

to (at and near) the surface during these four davs.

The minimum visibility for each day is plotted across the hottom of
Figure 2, A comparison between the minimum visibilities and the inversion
height reflects the general relationship betwecen inversion height and fog.

The highest visibilities of 12 mi occur with the highest inversion heights

13
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(20th to 21st) and the lowest visibilities on the 6th and 7th occur with
heights below 400 m. There is also a tendency for visibilities in the 3-5 mi

range to occur with inversions in the 400-500 m level (9th-14th, 23rd and 24th).

The visibility behavior for the month of July 1972 for San Diego is

summarized in the following table:

Table 1
Minimum Surface Visibilities as a Function of 1200 GMT

Inversion Height Above the Surface at San Diego, July 1972

Minimum Visibility (mi) 1 2 3 4 5 6 7 12
Days with:
Inversion above 400 m 21 3 1 4 3
Inversion below 400 m 1 1 2 5 3 5

Of the 14 days with inversion above 400 m, there were no days with visibility
below 3 mi. Seven days had a visibility of 7 mi or greater; three of these

days had a minimum visibility of 12 mi. Of the 17 days with inversion below
400 m, the minimum visibilities were all at 7 mi or lower with the two lowest

visibilities of the month (at 1 and 2 mi) occurring in this data group.

For the inversion below 400 m, 13 of the days fell within the 5-7 mi
visibility range. Examination of the radiosonde data for these days shows a
tendency for the dewpoint which is characteristic of the marine layer to
extend somewhat above the inversion base. This feature suggests exchange of
moisture and heat through the inversion which could prevent fog formation from
the stratus lowering process. This type of situation requires further investi-

gation, perhaps through Deardorff's exchange model, to determine the role of

transfer across the inversion in fog occurrence.




Vandenberg and Oakland

In the previous subsection, we investigated the inversion height
behavior as a function of atmospheric disturbances for San Diego (SAN), the
southernmost U.S. station along the coast. Now vonsider inversion hchavior
for July 1972 at Vandenberg (VAN) and Oakland (0AK), stations which are
proygressively farther north along the coast. The inversion time series for
these two stations are shown in Figure 0 with the same format as before; the
dashed curve represents Oakland's data. For Oakland, the surface observation
is at sea level wherecas at Vandenberg it is at 100 m. At the bottom of the

figure, minimwn visibility data are shown for VAN and Monterey (MIY).

Comparison of the San Dicgo inversions with those at VAN and OAK
shows that when a long-wave feature contrbls the inversion height (18th to 22nd)
the inversion height along the coastal region bchaves similarly; in this case,
the heights rise to around 1200 m. However, when smaller scale svstems control
the inversion height, two of the stations may be in phase, as OAK and VAN on
13th and 14th and 27th to 29th, and VAN and SAN on 4th and 5th. Additional
insight into how synoptic disturbances affect the height of the inversion can

be gained from a brief discussion of the OAK and VAN time series.

On the 1st, both 0AK and VAN were in transition from unticvclonic
to cyclonic circulation with inversions in the 200-300 m range {(Figure 3a)l,
Both inversions then rosc in response to a low pressure center off the coast
(Figure 3b). Oakland's inversion staved at 700 m (4rh to oth} as the low
weakened but remained near OAK. During this same period, VAN's inversion
height was in phase with San Diego's, but the inversion did not descend as
low at VAN as at San Diego since VAN was in the transition zone between the

high and low (Figure 3¢).

On tie 8th, this inversion lowered to 100 m (above sea level) at
VAN while at OAK it onlyv lowered to 200 m. These two stations were under the
influence of a high located between the two stations (Figure 3d). The inver-
sion lowered at OAK in response to the dynamic downward motion associated with
the high which produced westerly flow at OAK and northeasterly flow at VAN
between 1500 m and the inversion base. At VAN, the inversion was forced lower
because of the additional effect of the downslope motion associated with the

casterly flow.
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On the 10th, the inversion lowered to 100 m at VAN while it remained
near 400 m at OAK. No small-scale high pressure system was detected at 850 mb
(Figure 4a). However, the winds at VAN were easterly in the layer 300-1000 m
while they were westerly at OAK. Thus, downslopc motion from easterly winds
produced by the flow pattern below 850 mb was responsible tor the localized

lowering of the inversion at VAN.

On the 13-14th, the inversion lowered to the surface (sea level) at
OAK and the surface (100 m) at VAN, Fasterly flow existed at both stations
on these days in response to the large high pressure ridge extending NE-SW
across Oregon and Washington (Figure 4b). This ridge was the 850 mb response
to long wave anticyclogenesis which took place throughout the troposphere.

At 850 mb south of the ridge, a low existed east of San Diego. Thus, San

Diego's inversion (Figure 2) was near 400 m while farther north in the easterly

flow, the inversion was at or very ncar the surface.

The inversion at OAK and VAN then rosc to above 1200 m on the 20th

in response to the long wave trough alrcady mentioned (Figure 4d). With the

short wave trough (Figure 5a) that followed, the inversion was in the 500-700 m

range (23rd-26th).

On the 27th, both inversions drop about 400 m to 300 m, then drop
farther to 200 m on the 28th, recovering on the 29th to near 400 m. Between
the 26th and the 27th, a weak ridge built onshore over northern California
producing a shift from westerly to northerly and north-northeasterly flow
over the central California coast (Figure 5b). The ridging and the downslope
motion caused the inversion to lower on the 27th. On the 28th, a mesoscale
low appeared south of VAN (Figure 5¢) and the wind shifted to northeasterly
and increased in speed, thus increuasing the downslope motion and driving the
inversion down to 200 m. Such a strong downslope would drive the inversion
to the ground in anticyclonic conditions; apparently in the cyclonic flow,
the downward motion from downslope was countceracted by weak upward motion and

the inversion did not descend to the ground.
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On the 29th to 31st, the mesoscale low moved north of OAK (Figure
5d) and the stations were back in the onshore flow and weak upward motion
associated with the low pressure system. The inversion rose to 400-600 m,

with the higher value at OAK which was nearer the low center where the upward

motion was probably stronger.

The foregoing discussion shows how the inversion height varies with
synoptic situations spanning the spectrum from long wave systems down through
both large and small scale systems. There is a qualitative correlation betwecen
scale of atmospheric system and inversion height. For low pressure systems, the
long wave trough produces inversions of 1000 m and higher, short wave troughs
and synoptic scale lows have inversions in the 500-800 m range, and the smaller
scale synoptic lows are associated with inversions around 400 m. For high
pressure systems, the small scale high has inversions in the 200-400 m range. The
inversion height related to high pressure associated with a long wave anti-
cyclonegenesis is difficult to determine since these situations are accompanied
by northeasterly flow and downslope motion which drives the inversion to the

surface.

These relationships of inversion height to scale of atmospheric
disturbance are not based on a thorough statistical study but they can serve
as guidelines for fog forecasting until a more complete statistical study is

carried out.

The individual synoptic cases for July 1972 will be discussed in
detail in the subscquent section. Before procceding to those discussions,
an overview of fog morphology as a function of inversion height along the

central California coast is presented.

The daily minimum visibility at Vandenberg (clevation 100 m) is
presented across the bottom of Figure 6. A couple of features of the VAN
obscrvations stcemming from the 100 m height of the observation station neod
to be pointed out. First, in a stratus lowering fog, an inversion height
above sea level of 500 m is required for the inversion base to be 400 m
above the squace. Secondly, when the inversion is at the surface at 100 m,
it may not have descended to sea level and the marine layer may be present

from sca level to 100 m,
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On only eight days was the minimum visibility at or above 7 miles,

and on seven of these days the inversion was above 500 m (msl). Of the 19
days when the minimum visibility was below 1 mile, 16 of them had an inversion
height less than 400 m above the ground. On two of the other three days

(25 and 26 July) the inversion was just a few 10's of meters above 500 m

(msl) and the visibility was beclow 1 mile for less than 2 hours, occurring
during the few hours before sunrise. These two fogs were cases of stratus
lowering when the stratus base just managed to lower to the surface at the

end of the night because the marine layer was just slightly thicker than

400 m. Thus the 400 m threshhold for fog occurrence held true for VAN for

this time series.

Table 2 shows minimum visibility versus inversion height above the
ground for the days with visibility below one mile. Approximately 75% of the
1/8 mi visibilities occur with an inversion height of 200 m or less. Both
cases with visibility greater than 1/2 mile occur with an inversion above
300 m. A minimum visibility of 1/4 mile shows a tendency for the intermediate

inversion heights.

An intcresting feature of fog morphology is the length of time during
a fog episode that the visibility remains at various values as a function of
inversion height. Table 3 shows the percentage of hours that the visibility
was at the indicated value as a function of inversion height for Vandenberg
for July 1972. Note the tendency for most hours of low visibility to occur
with low inversion height: for 0 height, all hours are € 1/4 mi and for
100-200 m, 89% of the hours are £ 1/4 mi. With the higher inversions, the

majority of fog hours shifts to higher visibility values.

From the standpoint of stratus lowering process, this tendency makes
sense. With the lower inversion, cooling can bring the stratus basc to the
ground more quickly in the late afternoon. With respect to the observed lower

visibilities, at least three processes may contribute to this condition:

1) increased liquid water from the radiational cooling

now operating on a shallower layer;




2) evaporation of fewer of the small drops in turbulent
downdrafts because of the shorter travel distance

between drop generation at cloud top and the surface;

3) presence of higher concentrations of condensation nuclei

in the easterly continental winds at fog top.

These factors require further investigation and a larger data sample than is

currently available.

Table 2
Minimum Visibility vs. Inversion Height (Visibility <1 mi)

Vandenberg, July 1972

Inversion Height Min. Visby. (mi)
Above Ground 1/8 1/4 5/8-7/8 Obs

100 3 3
200 2 2 1 ;
300 4 1 1 6
400 1 1 2
Obs 11 4 2 17
— —d
Tablce 3

Percentage of Hours at Indicated Visibility when Visibibity <1 mi

Vandenberg, July 1972

T - D s T e .
Visibility tmiles)
Inversion Height 1/8 1/4 1/2 3/4 Total Hours
0 67 33 32 ;
100-200 50 39 11 27 |
200-300 13 40 37 10 20 i
300-400 23 67 3
e e |
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Monterey is the next station along the coast north of VAN and south

of OAK, and its fog behavior versus inversion height was also investigated.

Only the minimum visibilities below 6 miles for Monterey are shown in Figure 6.

Because of the noncoincidence in space between the surface visibility measure-
ment and the inversion height measurements, only a qualitative discussion of
Monterey's fog morphology is presented. The lowest visibilities occurred on
the 27th and 28th and 12th and 15th when the inversion at both stations was at
200-300 meters.

Making the assumption that fog behavior on the 29-31st at Monterey
was related to the Oakland inversion height (an assumption which is supported
by the synoptic situation which suggests both OAK and MTY are under the
influence of the same synoptic system, Figures 4b and 4c), then the gradual
increase in visibility (1, 3 and then 5 mi) qualitatively relates to the
increase in inversion height (450, 500 and 600 m). A similar sequence of
visibility vs inversion height can be scen at Monterey on the 16th and 17th.
This relationship, in this case cf stratus clouds, is consistent with a recent
Calspan study for the Army (Rogers and Hanley, 1980) which demonstrated the
reasons for increasing visibility with distance from the stratus base in the
haze beneath a stratus cloud. Applying this result to visibility beneath
stratus clouds which do not lower to the surface (inversion above 400 m), we
would expect that the visibility would be dircectly related to the height of

the inversion.

3.2 Examples of Fog and Inversion Behavior for Various Types of

Synoptic Systems

In these discussions, we will describe changes in the flow in the
layer surface-to-1500 m, with emphasis on the laver 500-1500 m. As described
in the summary, the surface pattern only responds, and then only very slightly,
to the pattern changes which occur at levels immediately above the surface.
Changes of the 850 mb flow are a good representation of the changes in the
levels below 850 mb particularly with large-scalc synoptic systems. However,
with some of the small-scale systems, the changes are better defined in the

layer below 850 mb. In those cases, reference will be made to the time

sequence of vertical profiles of wind at radiosonde stations.




Long Wave Anticyclogensis Producing Easterly Flow in 500-1500 m Layer

Figure 7 shows 1200 GMT (0500 PDT) 850 mb charts for 3 and 13 July
1972. The pattern on the 3rd is representative of a large-scale trough and
shows low pressure off the coast with southerly winds at OAK and VAN. The
layer down to the surface also has southerly winds. The base of the inversion
was in the 600-700 m range and minimum visibilities along the coast from
Vandenberg to San Francisco were 7 mi* or greater. Stratus was present during
the nighttime hours, but the lowest base was obscrved at 2275 m. Surface flow
was westerly with wind speed increasing during the day and decreasing at night
due to the superposed sea breeze circulation. This is a tvpical scenario for
a large-scale trough with the marine layer too thick for the base of the stratus

cloud to propagate to the surfuce during the night to produce fog.

The flow pattern on 13 July is represcntative of semi-permanent high
pressure circulation aloft. At 850 mb, an east-west high pressure ridge
extends onshore over northern California with northeasterly flow over the
coastal region from Vandenberg to San Francisco. At Vandenberg, the winds
have a large easterly component from 850 mb (1500 m) all the way down to

300 m (msl1).

The Vandenberg AFB sounding site is based at 100 m, thus, the
temperature structure in the lowest 100 m in unknown. The radiosonde data
indicate that the inversion is down to very near 100 m. At this time, Calspan
was participating in a field study of fog in the Vandenberg area for the Air
Force. The observation site was 10 km southwest of VAN and ~1 km inland at an
elevation of 85 m. Our data showed that the marince laver extended up to 140 m
with fog and stratus cloud from 85-140 m. 1In this case, the downslope motion
was not able to drive the inversion down to sea level or below the lifting
condensation level in the marince layer. Thus, we have the situation of a
shallow marine layer with a stratus dJdeck; the resulting fog is longlasting

with very low visibilities.

* . .
In reference to visibility, winds and temperature, Fnglish units are used
throughout the text of this section to facilitate comparison with NOAA WBAN

data and charts.
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Figure 7. 850-mb Charts for 1200 GMT, 1 July and 13 July 1972.




At Vandenberyg AIFB, the visibility on the night ot 12-13 Julv was
below 1/2 mile for 13 consecutive hours and at 1/% mile for 11 of those hours.
At 85 m-msl, Calspan instrumentation measured minimum visibilities of the
order of 800-900 ft (250 m) during the fop, Continuous wind Jdirection records
at 140 m showed two periods of northeast wind during the night ot 12-13 July
as the land breeze developed. During both ot these periods, the visibility
improved as the air from farther inland meved back toward the coast.  Such
visibility improvements are characteristic ot low inversion tops during which

the land breeze occurs.
By 1200 GMT on the 1dth, tle inversion war Joefinitely down to the
ground (at least 100 m). Instrumentation at the tield showed a wind shift

from northwesterly to neovtheasterlv at G900 (M with o stimultancous

disappearance of the fop amd stratas . Sirdtineocns 1y, the air temperature

at 85 m increased by 571 indicatipg trat the rersion had lowered below the

100 m level. MHowever, the dncersion aprirent!s 0 et descend to sea level, ﬁ
After six hours of clear by, the wind swany itnto the sonthwest, and visibility ’1

of 1/8 mile again prevarled,

Althouzh in this case the invorsion Jdid not Jescend to sea level

in the Vandenbery arca, tarther north ai Monrerer 3t O 0d come Jdown to sea
tevel. As scen ia Uignre 6, the inversion was ot the <urrice at OAN on hoth
I3 and 1[4 July. On neither day Jid the vicibilisy o onterey (MY Jdraop
below 7 miles. Skies were clear with oo rencot- during the dav of "fog bank
Or stratus to the west " 4 typical Cooment o the WBAN Cbheervations when the
stratus deck is present.  The wind on coth dov e Tivht and variable but
mostly from the north and cast.  Thewe conditio e directly orbosite to
days when the marine laver is preooent whee the - Tow 10 aoderate westerly.
Maximum temperature for hoth dovs was near 2 0 annerc b te varine laver davs
when the temperature rarely jrses ahove "o Cliothose b ervations show

that the flow patterns were =<uch that fhe 100 or wes a4t sea level and the

marine layer was prevented from coming «ng
On 12 and 15 Jutv, either side o0 70 ceriod when the inversion was
at the ground, the inversion romaine oW 0 e at VY, and Monteres experienced

fog. On the 12th, the visiboiisy v 1'% between 01 amd 07 PS5 and on the




15th, it was 3/4 mi between 05 and 06 PST. Conditions on the 12th were typical
of the marine environment as the inversion was lowering to the ground from near
400 m. During the 11th, the surface flow was onshore, the maximum temperature

was near 70°F, and a fog bank was continuously observed to the west.

On the 15th, conditions were typical of a reestablishment of the
marine layer after the inversion was at low levels. Surface winds were variable
with frequent periods of easterly flow; the maximum temperature was near 80°F.
The marine layer was being reestablished to a depth in which stratus and fog
could occur in the evening hours of the 14th as shown by recurrence in the
observations of '"fog bank to the west." The minimum visibility was only 3/4 mi
and only of short duration as fog occurred when the inversion was rising
rapidly (Figure 6) and in a marine layer which was modified somewhat by mixing

with the warm air.

This case shows Low the inversion is driven to low levels by downslope
motion in easterly flow in the layer up to 1500 m. The casterly winds were
produced by ridging in the low levels in responsc to development of the semi-
permanent high in the middle and upper levels. Where the downslope motion was
strongest, the inversion was driven down to sea level along the coast. The

accompanying light easterly surface flow kept the marine layer to sea, and two

days without fog occurred. Where the downslope motion was weaker, the inver-

sion did not lower to sea level. In this case, tog occurred but its hour-to-
hour intensity was correlated with wind direction. Although the inversion did
not descend to sea level, the large scale surface pressure pattern was weakened
so that the sea breeze circulation predominatcd. Therefore, an easterly land

breeze occurred at night, and the visibility improved during that time.

Offshore Atmospheric Structure During Periods of Extremely Low Inversion

When the inversion is at the surface on shore and warm air from above
the inversion is present onshore, the marine laver is still present not very
far to sea, In addition, the clear area off the coast is not from warm dry '
air displacing the marine laver but rather a result of the inversion descending

below the lifting condensation level of the marine laver. Calspan was aboard




the Acania in October 1976 (CEYCOM 76} Jduring o period of strong easterly flow and
extremely low inversion, and the following discus=ion documents the characteristics

of the marine layer and the warm air which occurred during that episode.

Anderson (1931) reported that in times of sSunta Ana conditions with
strong of fshore winds (gusts to 35 mph), westerly winds were found 10-20 miles
offshore. The implication is that the marine laver is present at this distance
from shore. The Acania was in the Santu Barbira Channe! late on 7 October 1976.
The 850 mb chart for 00 GM1 S October (Figure Sul shown northeasterly flow at
both VAN and San Diege. The surface map for 00 ot on the Sth (Figure sb)l shows
high pressure to the north over the land. While approaching the coast near
Santa Barbara late on the Tth, the \cania encountered strong, very warm northwest

winds a few miles off shore., While cris-erassing the region, we found that the

warm air was a jet which wars contas throagh @ omowtain viss along the shore.
When the area of initinl crnceonnter with the 100 «as passod through a couple of
hours later, the jet was no lopyer thoroo wila thes o -Tike stroucture, it
appears that the Santa Ana, whils strong and ooty enshore, quickly loses 1ts
momentum through horizontal mrixing and throv h soverent away trom the region of
strong pressure gradient onshore,  fhe distancs to shitch an oindividual Santa Ana
can push to sea scems to depend on the strength of the pressure gradient along

the coast.

L
During the Sth, the Acanis continaed ot investigation along the
California coast and at 0130 M on the 9th wrarted westaard to sea from
just offshore at Vandenboers.  An acoustie s<onnde onbeard the A\cania provided
measurements of the height of the inversion base.  (domparison of the inver-
sion height measured by the acoustic souicer (o 1hat obtained trom radiosondes 3

on the Acania showed the same heoght vatue, withn the aconracy of the two
svstems.) The time scquence ot the dnversion S ot Showesd that at no time
between 00 GMT and 12 GMT Uil the amer=ion lower te the surtuace over the
ocean, and shlies were clear cver the Yeanta. o <he ) Vandenberg was clear,
and no mention of tog ot'tshore was amade 10 he ohe svariens. Althouph the
inversion was above sea level, no stratus or oo wee present as the lifting

condensation level was 2bove the nversion 1< o by the Acania surface !

temperature and dewpoint dato for the period,
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Figure 8 Surface and 850 mb Charts for 1200 GMT, 8 October 1976.
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At 00 GMT, Vandenberg reported the inversion base at 200 m and at
least to 100 m by 1200 GMT. Radiosondes taken aboard the Acania showed a 200 m

inversion 30 nmi west of VAN at 05 GMT and a 100 m inversion at 11 GMT at 40 nmi.
Thus, the inversion, at least out to 40 nmi from shore, was behaving in the

same manner as at the shore. Based on this analysis, we interpret the time
history of inversion height from the moving Acania as if it were measuring

at a fixed point in space. At 06 GMT, the inversion base was at 200 m and
remained there for a couple of hours until it started downward at 08 GMT and
reached a minimum of 100 m at 12 GMT. Between 00 GMT and 12 GMT, the wind at

VAN shifted to an easterly component from the surface up to 900 m. The resulting
downslope motion apparently drove the inversion down to the 100 m level 40 nmi

out to sea as well as onshore.

The period 1200-2100 GMT was analyzed in Mack et al (1977) and
showed the appearance of a stratus deck as the inversion rose above the lifting
condensation level at 1500 GMT. The satellite picture for this day showed

that the region off the west coast, which on the previous day had been mostly

cloud-free, was now cloud covered. Thus, on the 8th the inversion was below
the LCL and the area was cloud free; then a 100 m rise in the height inversion
raised the inversion above the LCL and a stratus deck covered the area. But ’

during the entire period, the marine layer was present over the ocean. .

At 00 GMT on 10 October, the Acania reached its westernmost point
approximately 90 nmi offshore; and then during the night returned to the coast
on an ENE track. During this 12 hour period, the inversion basc remained
nearly constant at 300 m, coinciding with the inversion measured on shore.
Overcast stratus was observed along the entire track, but the stratus did not

lower to the surface during the night.

The reason that fog did not form cannot be pinpointed, but several
features of this situation suggest a possible mechanism for suppressing fog
formation. During the entire ENE leg of the cruise track, the air was colder
than the water. The difference varied from as little as 0.5°F to as much as
5°F as the air was passing over eddies of cold and warm water. The air was

heated from below and was convective and turbulent.

2]
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The two soundings taken during this track show that the coldest
temperature at the top of the marine layer was accompanied by moderate
relative humidity (70%) rather than the humidity (near 100%) which is
usually found at the top of the stratus deck. This observation suggests that
the strong turbulence from the heating was allowing the marine layer to pene-
trate into the dry air above the inversion. The resulting mixing apparently
reduced the effect of the radiational cooling on the marine laver and prevented
the stratus lowering from occurring. This process requires further study,

possibly through Deardorff's inversion model (1979).

Coastal Radiation Fog

Another type of fog that has been found to occur with very low
inversions and with surface inversions on shore has been labeled 'coastal
radiation fog." This fog has been observed and studied in the Monterev Bay
area during three separate cruises on the Acania. The 850 mb charts for
1200 GMT 25 and 206 July 1973 are shown in Figure 9. The northeasterly flow
of the 25th associated with the large scale NE-SW ridge gives way on the 26th
to lighter northeasterly winds associated with the small scale low pressure
svstem to the south. The inversion at VAN is down to 100 m on both days:

radiosondes taken at MTY at 15 GMT show an inversion near 100 m on both davs.

The characteristics of this type of fog have been documented and
discussed in Ref. 2 and 3. These studies have shown that during the early
morning hours the fog moves out into the bay on casterly winds in the vicinity
of a river mouth. This behavior is consistent with the weak onshore gradient
in these low inversion situations and the predominance of the sca breeze

circulation, especially the land breeze at night.

Observations have also shown that the fog tends to come back onshore
with onshore winds which occur toward sunrise. Observations at MTY airport
support the occurrence of fog on shore later in the night for many of the
coastal radiation fogs. The airport is at the southern end of Monterev Rav
and south of the rivers which empty into the bay., On the 25th and 26th of

July, no westerly wind occurred at the airport before dawn, and tog did occur

s
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Figure 9. 850-mb Charts for 1200 GMT, 25 and 26 July 1973.
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on either day although it was observed in the bay onboard the Acania. For
the September 1974 fog cases, visibility degraded at MTY as light westerly
winds set in in the late morning hours. Another apparent case of coastal
radiation fog occurred on 9 October 1976. On that morning, the inversion

at Oakland was at the surface. MTY reported a 7 mi visibility with calm winds
until 05 PST when a light westerly wind occurred and the visibility dropped to
1/4 mi.

The preceeding section has dealt with the inversion at low levels
or at the ground due to easterly flow from a large-scale high pressure ridge
which builds over the Oregon-Washington area. Fasterly flow from smaller
scale systems concentrated in the surface to 1500 m laver can also produce
low inversions and fog. These situations are discussed in the text which

follows.

Low Inversion, Small-Scale Synoptic Systems '

On 10-11 July 1973, Calspan personnel were aboard the Acania in San
Luis Obispo Bay and experienced fog at 08 GMT on the 10th and again at 05 GMT
on the 11th. 850-mb charts for 12 GMT on 9 and 10 July are shown in Figure 10,
On the 9th, the casterly flow was due to a combination of the sprawling low
pressure located southwest of California and a weak high pressurc ridge extending
across Oregon. By 1200 GMT on the 10th, the casterly flow at Vandenbery was duc
entirely to the low pressure cell, since the ridge had weakened as low pressure
moved in over Vancouver. The inversion was low carly on the 10th, with 0AK
showing a height of 50 m and a sounding from the Acania showing a height of

125 m.

Fog was observed at both Montercy and Vandenberg on the 10th. At
Monterey, the fog lasted for 6 hours with a minimum visibility of 1/16 mi.
The wind during this period was light westerly. At Vandenberg, visibility was
less than 1 mile and lasted 14 hours with a minimum visibility of 1/16 mi;
winds were light northwesterly throughout the period. Fog characteristics were
representative of fog behavior during low inversion conditions, but in this ,

case, the low inversion came about from a small-scale low-pressure svstem
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rather than large-scale high-pressure ridge. The driving force on the inversion
height in each case was the easterly flow in the low levels and resulting

downslope motion.

Small-Scale Low -- 200-300 m Inversion

Previously, we have been discussing low inversion heights, surface-to-
100 m, as they are produced by easterly winds and downslope motion from a synoptic
scale high pressure ridge and small scale low pressure to the south of such a
ridge. Fog also occurs from the stratus lowering process when the inversion is
below 400 m but not near the ground. We shall now examine synoptic situations

accompanying these inversion heights.

As mentioned in Section 3.1, the inversion lowered to 200 m on 28
July 1972 at both VAN and OAK. The 850 mb chart (Figure 5c) shows a low south
of VAN which produced northeasterly flow at VAN. The flow at OAK was light and
variable through the lower levels, which along with the 850 mb pattern suggests
a mesoscale high in the QAK area. At VAN, the inversion was lowered from the
f downslope motion counteracting the upward motion of the low, the net result

being an inversion height at 200 m. At OAK, the inversion was lowered by

the dynamic vertical motion from the mesoscale high alone and thus came down

only to 200 m.

Fog was intense during this period, with VAN experiencing about 8
hours with visibility below 1 mi on 27-29 .July. Farther north along the coast
at MTY, the visibility was below 1 mile on 27-28 .July for the same length of
time. On 29-30 July, the low moved to north of OAK, putting OAK under the
influence of the mesoscale low and VAN under the influence of a mesoscale
high. Consequently, the inversion was higher at OAK (above 400 m)
than at VAN. With MTY's inversion behaving similar to OAK, the visibility
rosc to progressively higher values and reached 5 mi with the inversion near
600 m. The inversion at VAN stayed at 300 m and the visibility remained below

1 mi.




Small-Scale Ridge -- Inversion at ~200 m

The time series of inversion height at QAK for the period 28 August-
1 September 1972 is shown in Figure 1la. On the 28th, the inversion was at
600 m as the region was under the influence of a small-scale low located off
the coast. On the 29th and 30th, a small-scale high pressure ridge was present
over the area located between OAK and VAN (Figure 11b), and the inversion lowered

to 100 m.

At 00 GMT on both 30 and 31 August, the Acania, located at the
Farallon Islands approximately 20 nmi west of San Francisco, experienced
stratus lowering fog at about 0300 GMT on both days (see Reference 1). MTY
also had fog during this period. The lowest visibility observed in the vicinity
of the Farallons occurred at the time of the lowest inversion height at OAK.

Visibility subsequently improved as the inversion returned to higher heights.

Synoptic Scale Ridge -- Northeasterly Wind Oscillation

On 23-25 August 1974, the Acania performed a series of east-west

tracks to about 50 nmi from Arcata, CA (see Reference 3). Three such tracks

were:
Time Weather
12 GMT 23rd to 00 GMT 24th Fog
00 GMT 24th to 12 GMT 24th Stratus Only
12 GMT 24th to 00 GMT 25th Fog

Figure 12 shows the 850 mb charts at 12 hour intervals starting with
12 GMT on the 23rd. The data suggest northeasterly flow and downslope motion
at both 12 GMT times and north-northwesterly at 00 GMT on the 24th west of
Arcata. The occurrence of fog, as opposed to stratus in those offshore waters,
appears to have been related to inversion height movement above and below the

critical 400 m level as the flow shifted away from and then back to the north-
easterly sector.
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Stratus Lowering -- Inversion Fluctuating Aroun: o

The Acania was cruising northwestwar = - - . R L
of 13 October 1976 homeward hound at the - - S
when fog was encountered just west ot +atal.-
persisted until the Acania reached the seaw
at 2200 GMT.

The inversion height time scerie- ¢

at San Diego is shown in bFigure 13 The

12th, dipped to 300 m on the !3th and ther -

The fog occurred during the time peric! wher oo o -

The inversion dipped below 400 m uon the J5tn o 2 o« = e,
turned winds to easterly at San Diego which was o ot D -

to south and the ridge to the north. This sitaar. ot s w
pressure inversion height being depresscd by domnislope ot 0 o rea o,

inversion height was thus not at high levels but at o depressed jovol oo

the normal level associated with the larger scale svnopti. pressare aattern
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Section 4
FOG CHARACTERISTICS IN THE NORTHERN GULF OF MEXICO

Under previous NASC Contract (No. N00019-79-C-0186), Calspan in
collaboration with the Naval Avionics Center (NAC), the Naval Coastal Systems
Center (NCSC) and the Coastal Studies Institute (CSI), participated in a
study aboard NCSC's offshore platform, STAGE I, to obtain data describing
marine fogs and marine boundary layer characteristics in the northern Gulf of
Mexico. As depicted in Figure 14, Stage I is located ~20 km southwest of
Panama City, Florida. The field effort, dubbed Panama City II, was conducted
during a four-week period in November-December 1978. Aerosol and meteorological
data obtained during Panama City Il were reduced and provided in a 'data volume"
(Ref. 13) under Contract N00163-79-C-0049 from NAC, and aerosol data were
summarized in a formal paper (Ref. 16). Fog data could not be analyzed within

the scope of those previous contracts.

Analysis and interpretation of data describing specific fog character-
istics and the circumstances of some of the fog occurrences observed during the
Panama City I1 field effort are presented in this Section. A summary of the
general circumstances and characteristics of the fogs observed during the
ficld study may be found in Section 4.1. Specific analyses of the fogs of 9-10,
2, and 8 December 1978 are presented in Sections 4.2, 4.3 and 4.4, respectively.
Visibility records for all fogs, except those of 9-10, 2, and 8 December, are

provided in Appendix B.

Instrumentation Setup

Calspan instrumentation installed on Stage 1 is listed in Table 4.
All recorders, a 'clear-air' visibility monitor, arnd acrosol sampling apparatus,
were housed in the equipment lab, approximately 18 meters above the sca surface.
Lo-vol aerosol sampling was accomplished on the moin deck, 16 m above the
surface. Temperature instrumentation was located at 3 levels (21.7, 9.3, 4.4 m),

and a fourth sensor was specially adapted to measure su.: surface temperature.
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Dewpoint sensors were installed at the 24.7 and 4.4 m heights, and a sling
psychrometer was utilized at deck level (17 m)}. Horizontal (24.7 m) and
vertical wind (24.7 and 4.4 m) instruments were located away from the platform
on booms (on the south corner) to minimize effects of the platform on the

measurements. Fog visibility monitors (one owned by NCSC) were located at

the 24.7 m and 4.5 m heights, and fog droplet and seca spray samplers (for size

spectra data) were located at 3 heights above the surface: 23.5 m, 106.5, and

at a low level wherc an elevator platform allowed for data collection from

0.5m to 4.5 m above the sea surface. All semipermanently installed instru-

ments were located on either the south corner or southwest side of the Stage,

lo-vol aerosol and droplet samplers were moved, as required, to the upwind

side to account for changes in wind direction. Data were acquired continuously

with this instrumentation during the period ~17 November through 12 December '7

1978.

In addition to the instruments housed on the platform, a fog visibility
monitor and horizontal wind instrumentation were located at a shoreline site
(NCSC Beachtower #4) near the entrance to St. Andrews Bayv. The NCSC-owned
visibility device was set up and calibrated by Calspan personnel in late October,
prior to the field effort. Calspan wind instrumentation was installed at the

Beachtower and calibrated on 15 November.

4.1 Summary of Fog Circumstances and Characteristics

During the period 15 November-12 December 1978, a total of 6 fog
situations, in which visibility degraded to <6000 m, occurred at the offshore
platform, Stage I, in 3 of those fogs, surface-level visibility dropped below
1000 m. (A total of approximately 40 hours of fog data, including ~100 droplet
samples, was logged at the plattform.) Visibility data at the shoreline site
are available for the period 1 November-12 December, and, for that period, a
total of 12 fogs occurred at that site, 8 of which occurred during the period
15 November to 12 December. Of the fogs ohserved during the period 15 November-
12 December, 2 occurred offshore at the Stage but not at the Beach site and 4

occurred at the Beach Site but not at Stage I: 1 fop episodes occurred con- ;

currently at both the coastline and offshore sites.




Occurrence and meteorological data for the fogs encountered during
the Panama City II experiment are summarized in Table 5. Approximately 36%
of the observed fogs occurred with winds of <5 m sec_lfrom the southeast
quadrant; ~43% of the fogs occurred with winds of <5 m sec-1 from the northeast
quadrant; one fog, each, occurred under SW-wind, NW-wind and calm conditions,
respectively. At the Beach Site, average duration of the fogs (for visibility
<6000 m) was 4.7 hr. Of the 12 fogs observed at the Beach Site, 60% had
minimum visibilities lower than 1000 m; and the <1000 m visibility condition
persisted for an average of 2.3 hr. For fogs in the visibility category >100C m,
minimum visibility was typically ~1600 m. When visibility dropped below 1000 m
at the coast, minimum visibilities were generally <200 m. TFor fogs which occurred
at hoth the Beach and Platform sites, fog duration was usually greater and

visibility was lower at the coastal site than at the offshore site.

Microphysics data obtained in four of the fogs observed from aboard
Stage I are summarized in Table 6. Approximately 70 droplet samples were
analyzed to provide this summary. The drop samples were taken throughout the
life-cycles of the respective fogs and do not represent dense nor necessarily
mean conditions. With this caveat, averaged data from the 17 m level are
compared with fog data obtained elsewhere by Calspan in Table 7. It is seen
from this presentation that the fogs observed at the offshore platform in the
Gulf exhibited smaller drop sizes, lower drop concentrations and substantially
smaller liquid water contents than have becen measured elsewhere in marine
environs. Further, drizzle, which frequently accompanies marine fogs, was not

ohserved in fogs at Panama City.

The foregoing summary indicates that a minimum or ~85% of the fogs
observed during the Panama City IT experiment formed as a result of continental/
land influences rather than sea surface temperature gradients or discontinuities.
(Analyses of wind (Ref. 13) and acrosol (Ref. 16 and 17) data show that Stage |
was under the influence of continental air for a minimum of 72% of the time

during the experiment.) Fvidently, for these land-mass induced fogs, the

47




Pl ban

tayj
wouoT -
BRGNP
uo tlediy)

8,61 19quadaJ-IaquoroN Jutang OOIXSW JO JINO UIaylJIoN [BISBO) aYyl UL PIALasSqQ) S9IU3LIndIdg F04

NN 5l dul/nesy dosural
St UYL Ut oy LN
[URU] vLt N Ju0l 3t uU
iy [ DR | Ut SH SO
R PoooUEy Bt
- [ g ) an oo
ulud ot Lo v
{0 eas L dnd o jon pag
ulst SIS RS (3] BLETY) DU
- [T B A L SR R AT IRV
sy Sy vay) N Lisso
TAUYSA T U T AYS TN Uoudny
30 owty

LIS WO LY T8 BIOHS § 10

!

nol

S
b
iy
1

<9

(]
REIRITEN
4ooowr) 3y
poaduly gy
Sanj g

Uy

[T

Uoums 0N

TS
wiv)y
. { ,,,L.v \,E‘_
poods puw
U Id9d 1y
Pty
[raouoy

A.::
upoul
TAYS)y Ju
wutudgg

g

(R REE]
LRy

vupl

wonl
wilt
~Juu
Yoo
nirl
et

vy

tisa)

TAYR UL

yu o owt)

uel [

[

[SITE N1

(w:

TAgR UL,

(g
HOU L eAT]

TUTSTARETA

g st LB e duil oy
oy PR TN
cead ak Jl e doa P
H ine

(XY by
oo caol

L ll sl
ol oyl
i RN
HOb (e
siwl NIV V]
St utst
sled [NV

Oy i TR 4

(IS)-oWt ) tisy-out])
TN L4SA0

'S o1qelL

48




ﬁ‘ﬁm.w 060s] ot ] 0'9 jse-7[s'8 ﬁ (¢) P8¢l | cco ) s°¢ | tz-¢ ﬁw.a RL61 Mg R
(v) omAL €00° | S'¢ J9t-c oS 8,61 220 ¢ o
-~
(ot} [oggs] 600 Fe ofoc-l vl .60 I3 ¢
(1) pgs | oo’ s jvi-t |y (11} losgsl coo” | s'v |ri-1|s'r fS1) Joss | oo’ [FRR- I D B A By 861 AON L
sapdueg| (uw) amE\uv Hm-___uv (wr) | (un) | |sardweg| (w Ame\wv Am|=5v (mrt) sapdurg] (w) A,m,__\u: Fm'su_
30 -oN|Aqsp | . . 1o8umy X 30 "oNlLqgspa . . |238uey 1 10 ‘oN|4qsy ) . | 2dury 1 v
U e SLENN AL I SLU R AT R
R Py e
L o1 R
TSN - 3Y31eH W pg ISW - ydrayg w £ ISW - YBaL w ¢ q.

- —_— e e s

8461 19qUWIII-JIIqUOAON “0JIXIy JO JIny
UIOYJION 9Y3d UT ‘] 98BI ‘WI0FIB[J OIOYSFIO Yl It POANSEBI sd1sydoadryy 304 98vLdAY "9 J[YrL




00L-00Z
009-00Z
0s1-08

009-002
00¢-002
0001-00¢
00Z-001
00t

00g£-0S1
008-0SZ
001-09
001
00Z-0v
0s1
0001~ 00V
009-00Z
009-007
0uZ- 001

(m)

*AQSA
Tuty
- 3ay

osl
0z1
061
081
org
0S¢
ozl
0si
091

mm-s Fu)
o
TXER
*8ay

o1

(114
0g
09
09
0¢
001
STt

ott
06

0Lt
ott
0L1
1144
08

06

00t
0Lt

T ww
T om
S

S 0€-¢
St Sti-¢
SL sit-Z
St Si-¢
L1 SZ-¢
S¢ 0c-2
ol st1-¢
Sy §Z-¢
0z Sti-¢
oy [4 4
1¢ 0z-2
8L 0¢-C>
St St-Z
0001< ov-Z>
ott Sti1-2
1 00t-2
61 8¢-¢
€ 0g-2
- sZ-¢
(g.w3)  (ui-pey)
< duo) aduey
doaq aztg doag
8y testd4Ay

DN C OV NN YT
O 00w W~ NP

T35vjIns aAoyr IYRToy W G 3® pouteIqo EIF]
.

(v o4 Q- AON SXAR 3O 3100 YldoN _
(t) “Apy 91udapon ‘dax) _
(9) uotladaapy osua] ‘dadn
(1) -apy l131BM P[O) MOLIERYS G 61 dAny IBLI0DS PAON
(1) {ei1u01y 9:61 dag

saydieg Mof(eYS 9L, % L !
() utaomoy snlerds 9o, vl T
(9) HoleIpey [RISLO) ISR AR !
() 25ua3da3auo) t.61 dny 13S0 1SN

VAS LV SH04 ANTAVW

(v) (1r3se0)) UOIIIIAPY 0861 N[ YW CddY ST10
(1) {1231SBO)) UOTIDIAPY 9,61 dog Vi ‘9dY S0
(1) uotierpey 9.61 dag YN 84y S1I0
(g uctieipey ei61 uey V) g4y statly
(z}) yorirrpey [LG1 AON vy ‘soloduy s0}

«(8) *MOT SNIBIIS [BISEO) Zo61 Ing vy g4y Biaquapueyp
(§)  'mo7] SniellS [EISEOD 1261 dag V) ‘g4v Blaquapury
() A311EA 0L61 Bny AN RITWY
2] uotieipey 0L61 494 (TR BB LLIN
(z) [Riuoly S961 AON vd CRanysdegrgd

S04 IVININTINGD
sdoy 3dXy Zoy

3o 4

.

nedsiey £q paarasqp sdoj asudg JO $93eIS BSINIBW 103 $215AYdoad1]y [949T-3DBFING ddeldAY . YRl

50




relatively warm waters of the coastal Gulf play a role in eroding (by causing
evaporation of fog) their near-surface characteristics. This influence is
reflected in the shorter durations and higher visibilities measured at the
platform (compared to the Beach site) and the lower than average (for marine
fog) liquid water contents observed in the near-surface levels of these fogs
over the water. Such higher visibilities and low water contents arec probably
not typical of surface-level conditions for Gult fogs formed in other than
coastal regions of the Gulf, especially in the outflow region of the Mississippi

and other major rivers.

4.2 The Sea Smoke of 9 and 10 December 1978

Sea smoke forms when very cold air moves over warm water. It is
characterized by streamers of visible tog which rise from near the surfuace

and dissipate as they mix with the relativelv dry air alof't. '

A dramatic episode of sea smoke occurred at Stage | following the
cold air outhreak on 9 December 1978, Very bricefly, a strong cold front
passed through the Panama City area at approximately 0700 CST on 9 December.
Air temperatures dropped from ~.23°C ahead of the front to n4-6°C approximately
150-300 km behind the tront. The axis of the 500 mb trough associated with
this surface front extended from a closed low over James Bay to central Texas.
By 0600 CST on 10 December, the 500 mb flow was zonal, and the surface front
was located ~800 km east of the Stage, putting Stage 1 well into the cold
northerly flow behind the front. Minimum air temperatures of ~1.0°C for this

cold air outbreak were recorded on Stage [ at 0700 on 10 December.

Temperature and dewpoint data obtained on 9 and 10 December are
shown in Figure 15. Visibility data from 1600 on 9 December to 1000 on the
10th are shown in Figure 16, Tnitial indications of a visibility degradation
at the 1.5 m level appeared for a briet period around 1610 on 9 December.
Notes taken at the time indicate that the coast was clearly visible from both
the 5 and 17 m heights, At about 1845, the visibility degradation at 4.5 m
became persistent. At the same time, wave height increased to such an extent

(2.2 m) that crests began breaking on the grill of the lower deck structure,
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which led us to believe that the visibility degradation was due to spray. The
visiometer was moved to the 7 m height as a protective measure at 1940. Visi-
bility data were obtained thereafter at the 7 m level except for the brief
period around 2210, which is noted on the figure. For only a few brief periods
during mid-morning on 10 December, fog depth reached 25 m; otherwise fog

remained below the 25 m height at the Stage and was nonexistent at the coast.

The analyvsis presented below is based on the following phenomenol-
ogical model: As the cold dry air moves over the warm surface water, an
extremely unstable low level temperature profile is produced, and extreme
mixing occurs. Nevertheless, in a very thin laver immediately above the
surface, the air achieves temperature and moisture equilibrium with the
water. In the case of sca water, moisture equilibrium occurs at 98% Rl, so
that condensation does not exist in this thin laver. However, as this thin,
warm, near saturated laver of air is mixed with the relatively dry, extremely
cold air aloft, the mixing process advanced by lavlor (1917) occurs and is

responsible tor the formation of the visibile Yoy,

The data obtained on Stapge I relates to this model as follows:
The vertical temperature distributions obtained at several pertinent times
prior to and during the tog are shown in Figure 17, Considering these
distributions and the 10 to 16m scc»l winds blowing over 1.5 to 2.2 m high
waves, it is apparcent that mixing was extreme. 1t is also apparent trom the
temperature profiles, and indicated schematically by the hatched region of
the 0500 protile, that substantial uncertainty caists in the actual tempera-
ture distribution at the very low levels.  fven worse, consadering wave
heights of up to 2.2 m, the meaning ot numerieal values of heights immediately
above the surface is hivhly gquestionable when baced on measurements made at
tixed levels on the Stape.  Our data, though presented in quantitative

terms, must be interpreted with these uncertainties o mind,

In order to apply the mixing theory in examination of the mean
temporal and vertical distributions of liguid water, we considered the measured
temperature and mixing ratio conditions thronghout the toyp lite cyvele an

relation to the satuprated mixing ratio ve temperature cnrve as Shown in

Figure 18. Conditions in the warr, nearly saturated aaemass (1oe., that an
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Figure 17. Vertical Temperature Distribution at Stage 1 Prior to and
During the Sea Smoke of 9-10 hece 1978,

the thin layer immediately above the surface) are defined by the sea surface
temperature and 98% relative humidity. Conditions in the cold, relatively

dry air mass are defined by measurements at the 24.2 m level obtained with

the Foxboro temperature sensors and confirmed hourly with manual wet and dry
bulb temperature measurements. The conditions at other altitudes for which
accurate hvgrometric data are not available are defined by obscerved (or inter-
polated from Figure 17) temperature at that hcight and the straight line
connecting the two points described earlier. For illustration purposes,
examine the straight line characterizing all mixing ratio and temperature
conditions from the surface to 24.2 meters at 0500 on 10 December. The mixing
ratio is below saturation for all air mass mixtures except those charecterized

by temperatures between 5°C and 20.3°C. From the temperature profile of

Figure 17, it is apparent that the 5° mean isotherm cxisted at some height

ey
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which is below 1.5 m, which as stated above is not definable with 2.2 m waves.

Judging from the rate of change of temperature with height, the height of the
mean 20.3°C isotherm must be just centimeters above the surface, but such

values are totally meaningless under existing conditions.

The only interpretation that can be made relative to hceight, there-

fore, is that the mean thickness of the saturated layer was of the order of a
meter and that the mean depth of the unsaturated layver beneath the 20.5°

isotherm must have been extremely small, probably on the order of a centimeter.

The persistent presence of the visible condensate (i.e., large scattering
coefficient) at the 7 m level (see Figure 16) and occasionally at the 24 m
level suggests that turbulent eddies carried saturated and near saturated air

parcels to heights substantially greater than the mean heights defined by the

average temperature and dewpoint data. This hvpothesis will be cxamined latcr.

From Figure 18 it would appear that the maximum liquid water content
was approximately 0.8 g m_3 when the mixture was at temperatures between 12°
and 13°C. At that time, the Aitken count was 1800 cm-s. To have achieved
this liquid water content, these nuclei would have had to grow to a mean
volume radius of 10 um. (Considering the very small averape thickness of the
saturated layer, it would appear that the rates of change of temperature and
mixing ratio at this early stage of mixing were so great that equilibrium was
never achieved. FEvidence to be presented later will show that very substantial

growth must have been achieved.)

Similar analyses for several other interesting times during the foyg
are shown in Figure 19 . The analysis for 1300 on 9 December shows the straight
line connecting the two initial air masses (i.c., the surface and 21.2 m air
masses) to be very nearly tangent to the saturation mixing ratio curve,
indicating that initial condensation occurred at about that time, more than
three hours before the first observation of scattering at the 1.5 m level.
(We now believe that the scattering observed between 1040 and 1815, which
caused us to move the visiometer up to the 7 m level, was sea smoke and not
sea spray as thought at the time.)} The sequence of analyses (Figure 19) for
data obtained on 10 December suggests that condensation continued to occur
until approximately 1100, more than two hours af'ter scattering was last

detected.
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Analysis of the 1700, 9 December data, just 20 minutes after initial

. s . -3
scattering was observed, indicates that maximum LWC between 0.2 and 0.3 g m

was required at very low levels before even the minimum scattering was observed
at the 4.5 m level. These data again suggest that the observed phenomenon
was never in an equilibirum condition; further analysis would require con-

sideration of the relatively rapid fluctuations of temperature and humidity.

Examination of the temperature records reveals well correlated
¢yvclic fluctuations at the three levels (24.2, 9.3 and 1.1 m) with
recognizable periods ranging from 2 to 5 minutes. Higher frequencies
certainly exist, but the data acquisition rate and response time of the
Foxboro system are not sufficient to permit quantitative analysis. Peak-to-
peak temperature excursions at the three levels were tvpically 0.5, 1.0 and

1.5°C, respectively, with maximum excursions approximately half again that

1
large at each level. Dew point data obtained at 21.2 w and 4.4 m show
similar fluctuations occurring at both levels. Typical dewpoint excursions f
at both levels are of the order of 1.5°C, with maximum excursions approximately
3°C
Quantitative analvsis of temperature and dewpoint data acquired

hetween (0400 and 0600 on 10 December, the period of maximum togp density,
vields the following correlation coefficients:

K(Tay 2 T 3) = 0.5

LT TT TR _ no-

Moy T y!

f\(I() 3 [»1.‘1) = )88

(T L, T Y= 0.8

Ky Ty i!

These high values show that turbulent eddies which are substantially larger than
the 23 m height of the Stage are moving past the tower with the wind., This

agrecs with the observed periodicity of temperature fluctuations which are of
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the order of 100 scconds, suggesting that identifiable air parcels are of the
order of 500 to 1000 m long. An important secondary conclusion is that the
temperature sensors, with response times of approximately 5 seconcs, are

adequate for following the major temperature fluctuations. With this point

established, it is recasonable to proceced with the Taylor mixing analysis based

on short time scales.

Our approach to this analysis is illustrated by the cross hatched
""boxes' centered on the average values of temperature and dewpoint at the
24.2 and 1.4 m levels in Figure 18. These boxes indicate the extent of
"typical' observed fluctuations in temperature and dewpoint at each of these
levels during the two-hour period centered on 0500. Comparison of short-term
fluctuations of temperature and dewpeint reveal very little correlation
{correlation coefficient 0.2 at cach level). We bhelieve that this is due to
the slow response of the dewpoint sensor. While logic tells us that the actual
instantanecous conditions must have fallen on the straight line shown in Figure
18, the quantitative data suggest that the actual conditions at cach measure-

ment height may have been instantancouslyv anywhere within these hoxes.

let us cxamine the possibilities under the two extreme sets of
assumptions: (1) There was a perfect positive correlation of temperature
and dewpoint, and (2) There was a perfect negative correlation of temperature

and dewpoint.

1. With a perfect positive correlation of temperature and dewpoint,
the atmosphere at all measurement levels would have been unsaturated at all
times. Maximum relative humidity would have been 92, 87 and 83", respectively,

at 1.4, 9.3 and 24.2 meter heights.

2. With perfect negative correlation of temperature and dewpoint,

which would provide maximum opportunity for supersaturation to exist, the data
would indicate that supersaturation never existed at 21,2 meters, existed
for about 1% of the time at 9.3 meters and possibly as much as 20% of the time

at 4.1 meters.
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At this point in the analvsis we asked, what fraction of the time

was scattering observed at the 7 m level where the EG&G Forward Scatter Meter

was located? Careful analysis of the minute by minute data obtained between
0400 and 0600 produced the cumulative distributions of visibility and scattering

!
|
h coefficient which are presented in Figure 20. The scattering coefficient
-4 - . c s
? exceeded 8x10 at that lecvel more than 50% of the time. Substantiating data
|

were obtained from the MRI Nephelometer at the 18 m level which recorded a

“ B at 1.1x10"% o7t
scat

From these analyses, we must conclude that the observed scattering
resulted from an aerosol that existed under subsaturated conditions. An

examination of the source of this scattering was performed.

Because of aerosol contamination (exhaust from diesel/electric)

generator} which always accompanied northerly winds on Stage 1, we do not

have complete aerosol data for computing scattering coefficient. For this

L . . . -3
specific time interval, we know only that the Aitken count was 1800 cm
The initial comparison was made simply by determining the mean volume v

. -3 . . .
radius of these 1800 cm = particles required to produce a scattering

coefficient of 10_§m‘1.

i T TR

2 .
_ 9 oy _ -5
Iscut 2n 3 n = 10
> 107wt Lo-13,2
; FoT o x 1800 x 106p-3 U "

Assuming all nuclei to be sea salt, the mean dry radius would be ~1/2 that
at 85% RH, or ~0.15 ym. Nuclei in this size range would activate at approxi-

mately 0.02% supersaturation. The CCN activity spectrum obtained in the same

. - . D
air mass at 1852 CST on 9 Decemher indicated 1960, 1610 and 1240 nuclel (cm )

activated at 1.0, 0.5 and 0.2% supersaturation, rcspectivelv. Sach salt
hl

particles have radii of the order of 1077 ym and smaller. If the particles

responsihle for scattering are in cquilibrium with the ambient atmosphere, a

few giant nuclei must then be responsible.
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Figure 20. DPercent of Time During Which Visibility was Less than Value
Shown and Scatterine Coefficient Exceeded Value shown

To develop an opinion as to whether or not it is reasonable to
cxpect sutficient concentrations of giant nuclei to account for observed
scattering, we returned to our 23 February 1977 data from Stage 1 (Ret. 6 and
7) obtained under approximately the same conditions (wind speed 13 m/sec,
wave height 2.8 m, R 89 to 93%). The scattering coetfficient was consistently

- -1
1 to 3x10 1m .




The only reasonable conclusion that we can draw, therefore, is that
the observed scattering was not due to particles in equilibrium with the air
parcels that they occupied. The particles must have grown to fairly large
sizes in the short time during which the mixture was very highly saturated.
By the time the air parcels were carried to the 7 m level where measurements
were made, they were no longer saturated and droplets were evaporating. How-

-

ever, the time required for the air parcecls to rcach the 7 m level was so

short that evaporation was not complete,

Epilog

The cold air outbreak responsible for the observed sea smoke was
documented by two DMSP images of the castern U.S. and Mexico obtained at
approximately 1100 CST on 9 and 10 December. The images which are reproduced
as ¥Yigures 21 and 22, constitute spectacular illustrations of the banded cloud
formations produced when cold air passes over warm water. Both images illus-
trate the cellular structure of the banded clouds formed over the bhroad fetch
of lakes Superior and Huron, while the latter image shows the severe lake-
cffect snow storms in progress over Lakes Erie and Ontario. FParly studies
by Calspan (sce, e.g., Ref. 26-28) describe these banded stratocumulus systems
and their cellular structure when they develop to the snow storm stage.
Observers along the shorelines of the Great Lakes have been impressed with the
dense sea smoke that frequently precedes cloud formation and occasionally

organize into small funnel clouds after strong convection becomes established.

It is interesting and perhaps important to note that cven the largest
ot these lake-effect cloud bands is dwarfed by comparison to the bands that are
evident over the Gulf of Mexico and the Atlantic Ocean in the 10 December DMSP
image. The similarity in structure of individual bands within the three systems
and the general contformance of the upwind envelope of the bands with the shore
of the body of warm water leave little doubt that similar processes are

responsible for their existence.
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Similar situations have been noted by numerous authors in the past.
In addition, we have observed similarities in the banded structure of the
lake-effect cloud systems and the tfog-stratus svstems that frequently begin
as cloud streets off the California coast (Ret. 3 and 11). We are now attempt -
ing to relute these systems to patches of warm water which exist within regions
of cold upwelling water (Ret. 29).  As 4 minimum, a climatological study of
these potentially related phenomena appears warranted.

1.3 The Fog ot 2 December 1978

Extensive fog occurred along the Florida panhandle coa-t on the
morning of 2 December 1978, At Stage 1, fop occurred daring two bricet periods
in the morning, for a total duration at the 25 m height of <2 hours. At the
shoreline Beachtower Site, fog persisted for ~3 hours. The visability records
for this fog are presented in Figure 3. This fop episode is particularly
interesting in that sufficient information is available to permit the inter

relation of syvnoptic scale, mesoscale and microscale phenomena.,

During the two-day period preceding this fop, a stationary frontul
svstem was located in the arca. On November 30, the stationary tront extended
from the middle of the Gult to just north of Tallahassce (TLHY continuing uas a
cold front to a low in the Atlantic off Cape Cod.  The 500 mb pattern on 30
November showed o broad trough over the U.S., with trough axis centered over
the Plains states.  The 500 mb low was located over Hudson Bav. Precipitation
was associdated with this tfront and 24 hour totals ending at 0600 (ST on 30

November throughout the Sountheast were about 0,25 inches,
A wave developed on this stationary front at 1800 CST on 30 November
(along the coastline) over Panama City ) Fl. The wave subsequently moved north-

eastward over TLI and was situated just north ot Jacksonville, T, at 0600 (5]

on 1 December.  Wave development was associated with the castward movement of
the 500 mb trough. The trough axis was located through central Mississippi,
and northward along the Mississippi river at 0600 CST, 1 becember.  The 850

mh chart at 00007, 2 December (1800 CST, 1 Dec) showed a temperature wave

over the Gulf coastal states,  The 850 mh pattern does not show 4 substantial
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short wave, but the winds at 850 mb suggest the heginnings of a trough with its
axis trom just north ot Little Rock to just north of Jackson, Mississippi and

southward over Mobile.

The surface low moved from Jacksonville rapidly into the Atlantic
during the day on 1 December.  Behind this svetem, a high pressure ridge
tilled in over the sP U.S., with generally weak N.F. pradient (drainage winds)
over the southeast. The surtface pressure pattern at 0700 CST on 2 December
is depicted in Figure 24, reprinted from The National Weather Scrvice baily
Weather Mup series.  No precipitation occurred in the immediate vicinity of

Stage | tor the 24 hour period ending 0600 CST on 2 December.

Figure 25 presents an analysis of winds at 0600 CST in the South-
castern U.S. and rorthern Gult of Mexico in which the Stace T and Beachtower
winds arce added to data available from Figure 24, The axis of the ridee
is well detined by the region of calm extending trom central Mississippi to "j
North Carolina,  The cross-isobaric flow in continental regions southeast
of the ridge, presumably stimolated by nocturnal cooling, converges at the

coast with gradient induced winds that persist over the water.

the obo-meter thick, unstable boundary laver along the coast was

N
capped byoa osabsidence inversion with dry air alot't throuch 1 Decenber o
shown by the soundings in Ficure loa. By midnight ilivure 20by, nocturnal
cooling on land had produced a 200 m thick surtace based inversion bencath
the subsidence inversion.  Daring the dav, however, an influx ot marit one
surtace air trom the sonth increased the coastal dewpoint trom approsimate |
67C to 107 in the Taver between 100 and 600w (Compare the Felin soundinge .

in Figures 2600 and bl Fhus, a <1tuation Jdeveloned in whach sortace tenpera

tures colder than 10°C were separated verticalle from air with Jdewpoint warse

than 10°C by distances of less than 00 .

\ny process which conld canse the wivine ot these tuo alr masses
could, theretore, produoce the mnitial condensation abott ) and radiation trom
condensed moisture conld canse the top to propovate. e ~ubmit that the

Al

converygenve pattern depieted an brcure 2% conld casi s have stiralated the
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necessary mixing, and it is believed that the fog of 2 December along the
| coastline formed in this manner. As shown in Figure 27, ¢old and warm
moist air masses did not exist in such vertical proximity over Stage T at
: 0630 CST. Fog patches observed immediately betfore and after that sounding
apparently advected, with ESE winds, to that location from the Apalachicola

Peninsula.

4.3 The Fog ot 8 December 1978

Fog formation in couastal arcas is the resnlt of several different

processes, cach associated with a particular syvnoptic situation. As described

carlier tor example, the top of 2 December was assoctated with the presence of

a high pressure ridege.  The fog ot 8 December described in the following
discussion, tormed by a4 different process associated with o different location

of a high pressure ridge.  This top furmed by o ~tratu. lowering process,

Synoptic

A common factor in the syvnoptic pattern ot hoth the 2 becember and
S December fops was the presence of o hivh pressure ridge in the southeastern
United States.  the location of the ridge in rolation to the coastal region
has o maior influence on the process of fop forcation. ey exarple, in the
discussion of the 2 December fop, 1t was shown that g ridee to the north and
northeast of the coast produced a weak cradient situation over land, renltiom
in drainave winds off the lTand.  Converyence sas <ot e along the voast In
weak vradient flow over the Gult and topether with radiational cooline .
resulted inoa toe. In the S December too, the revion 00 dan int baenced e
a ridee, bat the ridee s Tooated to the cast ot the coastal area, allowinge
onshore vreadient winds to cxtanlish o o warine Taver in the Tower atmosphere in
the coas<tal one. Fivnre 250 reprinted fror the I',J',"Al;\' l\'('.yth(-r Map serires

“hows this Sitaation.
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Description of Fog Episode

Haze and low broken stratus were reported during the day of 7 December.
Towards evening, visibilities began to gradually decrease. Fog was not reported
at either the Beach site or Stage T until ~0100 CST on 8 December. However,
Eglin AFB observations show a reduction of visibility to 400 m at 2130 CST on
7 December and then an increase in visibility to 5000 m by 0030 CST on 8 December.
This drop in visibility was not detected at the Beach site ror on Stage T. At
0030, visibility at the Beach site dropped below 600 m. log patches were
otserved at the 20 m level on Stapge I at 0050*, but the visibility at 4.5 m i
MSL did not drop below 6000 m until 0210 CST. Figure 29 shows the visibility
records obtained at the Beach and Stage I on 8 December. Observations from
Eglin AFB show that visibility once again began to drop, reaching 1000 m at
0300 CST. A minimum visibility of 100 m occurred at Eglin at 0630 CST. By i
this time, the fog had already ended at Stage 1 and the Beach site. (log
persisted at Fglin until 0900 CST.) The visibility record from Stage I reflccts $
the sequence of visibility restriction typical of stratus-lowering fogs;

visibility restriction occurs first and is greatest at higher levels.

Fog Formation Process 3

A stratus lowering fog can be identified by several characteristics,
as outlined by Mack, Pilié and Katz (Ref. 3):
1. Radiational cooling at stratus top, resulting in a capping
inversion at an altitule of <400 m and liquid water increase

at the top of the cloud.

2. Increase in stability immediately above cloud top: instability
within the cloud which eventually extends below the (loud base.
3. Turbulent transfer downward of air parcels from cloud top to

mix with clear air beneath cloud, causing the cloud (visibility

restriction) to propagate downward.

*

listrument malfunction prevented visibility data acquisition at the 25 m level
prior te ~0320 CST. ‘}
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The soundings taken before and during the fog at Stage I are shown in Figure 30.
The capping inversion above the stratus top is based at a height of ~ 375 m at
0143 CST. The inversion layer (v375-460 m) is the stable region above the cloud
while a lapse rate of v6°C/km exists from just below the inversion to the sur-
face. Since parcels below the inversion would follow the moist adiabatic lapse

rate of ~4.5-5°C/km, this region, extending to the surface, is unstable,

The result of radiative cooling can also be detected in the layer
beneath the inversion. By comparing the pre-fog (1757 CST) sounding with the
0143 (ST sounding during the fog, it is evident that a general cooling took
place over the entire air column. Superimposed on this is the radiative
cooling, occurring below 375 m.  Some rates of cooling at various heights

between sounding times are shown below.

Height (m) Cooling rate (°C/8 hrs)
12 .5
200 2
300 2
375 2
160 1.2
650 1.5

As shown by the table, the effect of radiative cooling shows up in the laver
200 to 300 m. 1f the cooling rate at 650 m is taken to be the amount of
cooling experienced by the entire sounding, there is an additional 0.5°C

of cooling occurring beneath the inversion due to radiation. 1t is obvious
from the superadiabatic lapse in the lowest levels (caused by the very warm
Gulf waters) that considerable heat is being transtferred into the atmosphere,

offsetting some of the effects of radiational cooling aloft.

From this analysis of the sounding, all the features of 4 stratus

fowering situation as described carlicer are present in this fog,

LB
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Summary

A high pressure ridge to the cast of the Gulf coast region caused a
marine air mass to be established in the coastal zone by onshore winds. Low
stratus present in this air mass propagated downward by a stratus lowering

process once radiative cooling became etfective at the top of the stratus

deck. An analysis of soundings prior to and during the fog contain tfeatures

consistent with a stratus lowering situation.
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Appendix A

FOG LOG: A LISTING OF FOGS OBSERVED AT SLA 1O DATE ON THIS PRUOGRAM

Avg. Min.

Date Location Foy bype Visibility
26 Aug '72 MIY Bay stratus Lowering 1.5 km
29-30 Aug '72 Farallon Islands Stratus Lowering 1.0 km
30 Aug '72 Farallon Islands Stratus lLowering 1.0 km |
30 Aug '72 Farallon lIslands Wi Water RN
31 Aug '72 Coastul near Coaxtal Radiration 1.0 km

San Francisco

9-10 July '73 Vandenberg Warm water 0.5 km
10 July '73 Vandenberg Warm Water 0.0 km
24 July '73 MI'Y Bay coastul Radiation 0.2 kn
25 July '73 MIY Bav Coastal Radiation 0.0k
26 Julv '73 MY Bay Coastal Radiation R S fi
29 Apr '74 MLY Bay Constul Radiation SRR ST §
30 Apr '7d MEY Bay Coastal Radration UM N
7 May '74 MY Bay Stratus Lowering Lo o
8 May '74 MIY Bay Stratus Jowering .ok
1L May 74 MY Bay Coast o Radration o b k
22 Aug '74 burchka Cothvergence UM N
23 Aug '74 lo 40 nmi Offshore Loy Patchies (numerous) LTI S i
bureka
24 Aug T Furcha Shatlow Coastal s bm
R TR SHTES WRID A
24 Aug 7 fo S0 nmi atfshore Foc D etshies cnmie rones AN Ny
fureka
24 Aug T CHonmt Ut tshore W water oinge e LR
turchka
JhoAup T b o Ot tshore Ware Watan e len [
Fnreka
26 Aug 7 Cape Memdocing [ B I [ S
20-27 Aug 74 Cape Mengocrne R IR TS ok
1 Hept "7 MY Ba, P tal Badiation N
2 Sept 7! MY R castal waeditation b 3
1 Sept "7 MEY Bas Gt Kadiatton ol 1




Date

€3
[}
w

Aug '75

3-4 Aug '75

4-5 Aug '75

6-7 Aug 75

7 Aug '75

7 Aug '75

7-8 Aug '75

8-9 Aug '75

9 Aug '75

10 Aug '75
L Aug 75

27-28 Sep 7o

Oct '76

[

8 et 7o

9 Qct 7o

13 Oct 76

11 0ct '70

FOG 10G (Cont.)

Location

35 n mi off Nova
Scotia

30 n mi off Nova
Scotia

50 n mi off Nova
Scotla

40 n mi off Nova
Scotia

50 n mi off Nova
Scotia

60 n omi Shkoof
Nova Scotia
w150 nomi S of

New foundland

V150 nom S of
New foundland

150 nomi B oof
Newfoundland

“150 nomi voof
Newfoundiand

L150 n miosoof
Newtoundland

100 n mi SWoof

Pt. Conception, CA

o~ Anpceles

1o n mi oft
Vandenberyg

A5 n mi ot'f
Vandenbery
5o omt S oof
Santa Barbara

15 n m ottt
Vandenbery

oy Type

Cold Water

Stratus lowering
Augumented by
Cold Water

Cold/Warm Water

Stratus Lowering
Stratus Lowering

Stratus Jowering

Jrontal 7))
Cog-tal Radiration

(o)d Water (7

Stratwe Jowering

Coa~tal Radration

Avg. Min.
Visibility
0.

0.

Q.
Q.

a.

a.

0.

0.

0.

10

.20

08

.08

ty
w

.10

L0

20

15

15

km

ki

km

km

km

km

km

hm

km

ki

km

km

km

[N

km

km

bm




FOG LOG (Cont.)

Avg. Min.
Date Location Fog Type Visibility
14 May '78 Off San Nicolas ? 0.12 km
Island
19 May '78 30 n mi SW of San ? 0.20 km
Nicolas Island
20 Nov '78 Stage 1, 12 n mi off ? 3.0 Kkm
Panama City, Fla.
24 Nov '78 Stage I, 12 n mi off ? 4.5 km
Panama City, Fla.
2 Dec '78 Stage I, 12 n mi off Convervence 1.0 km
Panama City, Fla.
3 Dec '78 Stage 1, 12 n mi off ? 4.7 km
Panama City, Fla. r
8 Dec '78 Stage [, 12 n mi off ? 0.7 km
Panama City, Fla.
9-10 Dec '78 Stage I, 12 n mi off Sea smoke 0.5 km

Panama City, Fla.

Fogs Observed on <hore at Vandenberg AFG under Air Force Contract

11-12 Jul 72 Vandenbere AFR, €A Stratus Lowering 0.0 km
1.0 n mp inland

12-13 Jal 72 " " 025
I3-13 Jul 72 " " 0.5 kan
14-15 Jul '72 " " 0,25 km
I5-16 Jul '72 o " 0,10 ki
26-27 Jul T2 " " 0Lah b
27.28 Iyl T " " (ARSI S
JK-20 Il T2 " " oLk
29-30 Jul T2 " " no25 ke
SO-31 Tl T2 " " 030 kn




| APPENDIX B

VISIBILITY DATA FOR FOGS WHTCH OCCURRED
DURING THE PANAMA CTITY 11 1 XPERTMENT

1 Nov - 12 Dec 1978
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